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The objective of this study was to estimate the myostatin (mh) gene’s effect on milk, protein and fat yield in a large
heterogeneous cow population, of which only a small portion was genotyped. For this purpose, a total of 13 992 889 test-day
records derived from 799 778 cows were available. The mh gene effect was estimated via BLUP using a multi-lactation, multi-trait
random regression test-day model with an additional fixed regression on mh gene content. As only 1416 animals, (of which
1183 cows had test-day records) were genotyped, more animals of additional breeds with assumed known genotype were added
to estimate the genotype (gene content) of the remaining cows more reliably. This was carried out using the conventional pedigree
information between genotyped animals and their non-genotyped relatives. Applying this rule, mean estimated gene content
over all cows with test-day records was 0.104, showing that most cows were homozygous 1/1. In contrast, when gene content
estimation was only based on genotyped animals, mean estimated gene content over all cows with test-day records was with
1.349 overestimated. Therefore, the applied method for gene content estimation in large populations needs additional genotype
assumptions about additional animals representing genetic diversity when the breed composition in the complete population is
heterogeneous and only a few animals from predominantly one breed are genotyped. Concerning allele substitution effects for
one copy of the ‘mh’ gene variant, significant decreases of 276.1 kg milk, 23.6 kg fat and 22.8 kg protein/lactation were
obtained on average when gene content estimation was additionally based on animals with assumed known genotype. Based
on this result, knowledge of the mh genotypes and their effects has the potential to improve milk performance traits in cattle.
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Implications
This study describes a method to predict genetic information of
single genes for non-genotyped animals via the classical pedi-
gree between genotyped animals and their non-genotyped
relatives. The aim is to enlarge the sample of animals for esti-
mating a single gene effect more reliably. The importance lies in
the possibility of increasing genetic gain by selecting animals
with desirable alleles for single genes that have a major impact
on economically important traits.
Introduction
Despite the current focus on genome-wide selection using
single nucleotide polymorphisms (Meuwissen et al., 2001),
the estimation of single gene effects for quantitative traits
(e.g. milk performance traits) is still of importance. This is
because selection of animals with desirable gene variants
for single genes with major influence on traits of economic
importance increases genetic gain, and the joint estimation
of single gene and polygenic effects can avoid biased esti-
mations of both effects. In order to estimate single gene
effects, the genotype of animals has to be known. However,
generally only few animals of a large population are geno-
typed for single genes of interest, making it difficult to
estimate a single gene effect reliably (Gengler et al., 2008).
This difficulty is more pronounced when data of genotyped
animals are limited, unconnected or when the pedigree is
incomplete (Buske et al., 2010). Genotyping more animals
would be one solution, but this is costly or even unfeasible
(e.g. if animals are already dead or no DNA is available).
Therefore, another possibility is to estimate the genotype
or at least the number of alleles, also called ‘gene content’,
for non-genotyped animals to enlarge the sample of animals
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with genotypic information. Different methods to predict the
genotypes or gene content of non-genotyped animals via gen-
otyped animals and the relationships between genotyped
and non-genotyped animals were developed (e.g. Van Are-
ndonk et al., 1989; Israel and Weller, 1998). Recently, Gengler
et al. (2007) developed a method which has useful advantages
in comparison to other methods. This method allows the esti-
mation of gene content of all relatives, including ancestors, for
very large pedigrees (even in the presence of pedigree loops
and errors), which is not possible when applying some older
methods. Another advantage is that this method can include
genetic groups. The latter feature allows differentiating allele
frequencies in different groups of base animals.
There is an interest in estimating the myostatin (mh) gene
effect on milk production traits. The mh gene is responsible for
double-muscling in all cattle breeds (e.g. Bellinge et al., 2005),
but there are indications that this gene also has an influence on
milk performance traits in dairy cattle. However, the effect of
the mh gene on milk performance traits is not well known and
only a few animals out of a large population are genotyped.
Therefore, the overall objective of this study was to estimate
the mh gene effect in a heterogeneous cow population from
which only a small part was genotyped. In order to estimate the
mh effect more reliably, the sample was extended to include a
large number of non-genotyped cows with estimated gene
content by using the recently developed method for gene
content prediction.
Material and methods
Data structure and genotyping
Data that were used for the routine evaluation of milk pro-
duction of January 2007 were provided by the Walloon Breed-
ing Association of Belgium. These data included 13 992 889
test-day records (6 138 812 for first, 4 575 525 for second and
3 278 552 for third lactation) for 799 778 dairy and dual pur-
pose (DP) cows in production with 80.2% being purebred,
18.1% crossbreds of two breeds and 1.7% crossbreds of at
least three breeds. Breeds for cows in production included
mainly Holstein, Belgian-Blanc-Bleu (BBB) and Red-White. The
pedigree file contained 1 429 939 animals consisting of 78.1%
purebreds with the three main breeds Holstein, BBB and Red-
White, 20.5% crossbreds of two breeds and 1.4% crossbreds of
at least three breeds. Therefore, breed composition of animals
of both the data and pedigree file was fairly heterogeneous but
nearly the same. A total of 1416 DP individuals, which included
1183 cows with test-day records, were genotyped for the mh
gene according to the method of Fahrenkrug et al. (1999).
Genotype frequencies were 0.148 (1/1), 0.334 (mh/1) and
0.518 (mh/mh) for all animals and 0.153 (1/1), 0.330 (mh/1)
and 0.517 (mh/mh) for cows with test-day records.
Gene content estimation
As the number of genotyped individuals represented only a
small proportion of the 1 429 939 animals in the pedigree,
animals with ‘assumed’ known genotypes were added to
those with known genotypes. For this purpose, the following
rules were applied: (i) All BBB animals from the meat type
used for artificial insemination and born after 1985 (830
individuals) were assumed to be mh/mh as the mh allele was
already considered fixed for this breed type at that time.
(ii) All purebred non-BBB animals (659 971 individuals) were
assumed to be 1/1 as the probability that these animals
were carrying at least one mh allele was very small. There-
fore, a total of 662 217 individuals were supposed to have a
known genotype. For the remaining 767 722 animals, gene
content had to be estimated. In order to estimate the gene
content of the founders (animals with unknown parents)
more precisely, 10 different genetic groups were created
according to breed to distinguish BBB from non-BBB ani-
mals, herd-book type of the animal (meat or DP) and year of
birth. This was performed because of different origins of
animals in the pedigree and data file. Gene content for non-
genotyped animals was defined as the number of copies of
the mh allele and was estimated applying the method
described by Gengler et al. (2007). This method predicts gene
content for each non-genotyped animal from animals with
known genotype using the additive relationship between
genotyped and non-genotyped animals. Estimated gene con-
tent for non-genotyped animals is therefore an approximation
of their true genotype and is a continuous variable varying
between 0 for 1/1 and 2 for mh/mh animals.
Statistical model to estimate allele-substitution effects
The model for estimating the mh allele effect was based on a
multi-lactation, multi-trait (three lactations 3 three traits)
random regression test-day model, which is used for the
routine evaluation for milk production in the Walloon Region
of Belgium (Auvray and Gengler, 2002). This model was
extended for an additional single gene effect and is:














where y is a vector of pre-corrected milk, fat and protein
test-day records. Pre-corrections were performed for envir-
onmental effects of age considering different rates of
maturity for three breed groups (BBB, Holstein, others). The
vector b stands for fixed effects (herd3 test-day, fine stage
of lactation class, gestation stage and large stage of lacta-
tion class3 age at calving3 season of calving). Thus,
overall fixed lactation curves were modelled by fine stage of
lactation classes (5 days/class) and larger stage of lactation
classes (30 days/class) within age and season of calving.
The vector h stands for herd3 period of calving random
regression coefficients, p is a vector of permanent environ-
mental random regression coefficients across lactations, u is
a vector of polygenic random additive regression coefficients
and e is a vector of random residuals. The model used
included genetic groups based on breed groups (BBB, Hol-
stein, others), date of birth, sex and region of origin for
Holsteins (North America or Europe). The vector q stands for
the known and assumed known gene content for 662 217
Buske, Szydlowski, Verkenne and Gengler
44
production cows, whereas the vector q^ represents the esti-
mated gene content for the remaining 767 722 production
cows. Gene content was not weighted with regard to its
derivation (known, assumed known or estimated). The esti-
mated additive fixed regression coefficient on the mh allele
effect gs was assumed to be equal across breeds. This sim-
plicity was necessary because a mh gene3 breed interaction
could not be considered due to the assumption that all
Holstein cows were 1/1. The matrix Z0 is the incidence
matrix linking observations to animals, and X, W, Z* and Z
are incidence matrices which link observations to further
fixed and random effects as described above. The matrix Z*
stands for the non-zero part of Z. Dominance effects were
not considered because pre-investigations using only the
1416 genotyped animals showed that dominance effects
were non-significant for all traits. Random regression effects
were modelled using modified Legendre polynomials. Sub-
scripts of incident matrices link them to their respective












where x5211 2 [(days in milk21)/(36521)]. (Co)variance
components used were those from the routine genetic eva-
luations obtained previously using EM-REML (Auvray and
Gengler, 2002), as described by Gengler et al. (1999). Modified
mixed model equation were solved iteratively using a standard
preconditioned conjugate gradient solver (e.g. Stranden and
Lidauer, 1999).
Standard errors for regression coefficients were estimated
using mixed model conjugate gradient normal equations
(Harville, 1979). More details about this method are descri-
bed by Croquet et al. (2006). Significance of allele substitu-
tion effects was tested using an approximate t-test with
N2rank(X) degrees of freedom, where N is the number of
test-day records and X is the matrix as described previously.
Results and discussion
Estimated gene content of non-genotyped animals
The evolution of the average gene content for all animals in
the pedigree of 1 429 939 animals over the past 40 years
depended strongly on its breed and, for BBB animals, on its
herd-book type (Table 1). Non-BBB animals were estimated
to a near zero value of gene content as expected. BBB ani-
mals, which were in their large majority selected since the
beginning of the 1970s as a ‘meat type’ showed an expected
strong increase of the mh allele. DP-BBB animals starting at
a similar level increased slightly and remained then more
stable at a gene content of about 1.2. Mean gene content
for all cows with test-day records was 0.104, showing that
most cows were homozygous 1/1 (Table 2). Such a low
value was expected because 659 971 non-BBB animals were
assumed to be 1/1. The average value for gene content, if
computed weighted by test-day records, was only 0.088.
Obviously, cows having at least one ‘1’ allele were preferred
for milk production to those with the mh/mh genotype. In
order to test the validity of the hypothesis that the inclusion
of animals with assumed genotypes was necessary to obtain
valid estimates of gene contents, these values were also
computed without this assumption. The absence of this
assumption led to an estimated mean gene content of 1.349.
However, such a result is not realistic because it would mean
that on average cows with production carried more than one
mh allele. There are two reasons for this result. First, the
genotypes of the 1416 genotyped animals were only from
BBB animals showing a slight tendency in favour of the mh
allele. Second, the non-genotyped animals had often weak
or non-existing pedigree links to genotyped animals. In
this case, the estimated gene content tended towards the
genetic group gene content, or, if no information was
available to distinguish between groups it tended towards
the average gene content. Therefore, the applied assump-
tions about additional animals in the population led to more
realistic results. This result shows that the applied method
for gene content estimation is limited, when only a few
animals are genotyped as part of a large heterogeneous
Table 1 Development of myostatin gene content over time and number of animals for different groups of animals for the
complete pedigree
Group of animals Estimated average gene content1 Number of individuals
Non-BBB2 0.002 924 325
BBB-ND and BBB ,1971 1.230 328 750
BBB-M 1971 to 1980 0.532 10 694
BBB-M 1981 to 1990 1.352 37 479
BBB-M 1991 to 2000 1.817 74 761
BBB-M .2000 1.931 42 504
BBB-DP 1971 to 1980 0.798 358
BBB-DP 1981 to 1990 1.186 4034
BBB-DP 1991 to 2000 1.176 4687
BBB-DP .2000 1.239 2347
BBB5 Belgian-Blanc-Bleu; ND5 not determined; M5meat type; DP5 dual-purpose type.
1Values between 0 (1/1) and 2 (mh/mh) represent the gene content for an ‘mh’ allele.
2Including 659 971 individuals with assumed ‘1/1’ genotype.
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population which is under selection. The accuracy of gene
content estimation for the applied method depends mainly
on four factors: First, it increases, when the number of gen-
otyped relatives increases and, second, it increases when
the relationship between genotyped and non-genotyped
relatives is close. Third, a preferably complete and error-
free pedigree is desirable. Errors in the pedigree generally
diminish the power of gene content estimation, but the
applied method has the property to be fairly robust for hid-
den errors (Gengler et al., 2007). Fourth, which animals are
genotyped is also a relevant concern. In a study by Gengler
et al. (2008), gene content was predicted for 1 656 599 non-
genotyped cows, from which at least 75% had a genotyped
sire or maternal grand-sire or both. A genotyped sire with
a lot of non-genotyped descendants is more informative
than a genotyped cow with records but having only few
related animals. In this case, it is especially important to note
that sires should be genotyped without errors. In addition,
knowledge of neighbouring loci is useful for predicting
genotypes of linked loci, when in one part of the population
genotypes of all loci are known and in another, related part,
only some of them are known. Therefore, with the intro-
duction of the use of many single nucleotide polymorphisms
for genomic selection, more sophisticated methods to esti-
mate gene content for non-genotyped loci and/or non-
genotyped animals were developed (e.g. Chen and Abecasis,
2007; Howie et al., 2009), but these ‘imputing’ methods
assume there is at least information about linkage between
markers. With regards to the factors listed above, this study
did not meet completely requirements for accurately esti-
mated gene content. Specifically, only 1416 animals, among
them preferably cows with test-day records were genotyped
for one locus. Therefore, the idea to include a large number
of non-BBB cows with an assumed 1/1 genotype was
required to estimate gene content and the mh gene effect
more reliably.
Additive effects of the myostatin gene
Cows carrying the mh allele produced less milk and had
lower fat and protein yields. Allele substitution effects for
one copy of the mh allele through all lactations were
276.06, 23.62 and 22.84 kg/lactation period (305 days)
for milk, fat and protein yield, respectively. These values
were lower than those found by Buske et al. (2010) in a
previous study using a Bayesian approach for only 1455
genotyped BBB cows. This difference might be explained by
assumptions of this study, which included that allele sub-
stitution effects were the same across several breeds, which
may not be accurate. Evidence of this includes the relatively
high standard errors for the mh gene effect estimation found
in this study. Therefore, the necessity to include a large
number of animals from another breed to estimate gene
content more reliably has the disadvantage that only
an average allele substitution effect across breeds can be
estimated, when those animals are assumed being un-
informative, that is, carrying the same genotype. Dominance
effects, estimated in a pre-investigation of this study with
only genotyped cows were found to be non-significant
(results not shown). Considering the three lactations sepa-
rately, a copy of the mh allele led to very highly significant
decreases in obtained yields for all traits (Table 3). For all
yields, the third lactation was affected more than the first
two lactations, contrary to the study by Gengler et al. (2004)
where the first lactation was affected the most. These dif-
ferences can be explained by the low number of known and
estimated genotypes in their study in comparison to this
study. The power to detect a candidate gene effect depends
on the magnitude of the effect that was estimated and its
standard error (Israel and Weller, 1998). Although standard
errors increased with increasing lactation number due to less
records in higher lactation numbers, all estimated mh allele
effects were large enough to be significant. However, it
should be mentioned that in our study candidate gene effect
Table 2 Statistics for gene content for cows in production, unweighted and weighted by number of test-day records
Number Gene content (mean)1 s.d.
Cows in production, (unweighted) 799 778 0.104 0.295
Weighted by number of test-day records 13 992 889 0.088 0.269
1Gene content varied from 0 (1/1) to 2 (mh/mh) and are continuous values for non-genotyped cows.




Trait Effect s.e. t-value Effect s.e. t-value Effect s.e. t-value
Milk 270.80 8.30 8.53*** 272.88 10.07 7.24*** 284.52 12.14 6.92***
Fat 23.02 0.35 8.62*** 23.76 0.44 8.55*** 24.09 0.53 7.71***
Protein 22.57 0.25 10.28*** 22.84 0.32 8.88*** 23.10 0.38 8.71***
1Allele substitution effect for one copy of the ‘mh’ allele.
***P, 0.0001.
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estimation could be biased due to ignorance as to whether
or not animals were selected randomly for genotyping and
because of the inclusion of a large number of animals with
assumed genotypes.
Conclusions
Results showed that in order to estimate the gene content
of a large population, the inclusion of additional (e.g. geno-
typic) assumptions such as knowledge about phenotypic
selection or genetic groups for non-genotyped animals is
necessary when genotyped animals make up only a small
part of a large and heterogeneous population that is under
selection. Otherwise, a reliable genotype estimation remains
difficult. This is more pronounced when only one gene is
considered and no information about linkage to neighbour-
ing genotyped loci can be exploited. Hence, further geno-
typing of important animals (e.g. sires with many daughters
in production) will be necessary to estimate the gene content
for single genes more reliable. Concerning mh allele sub-
stitution effects, one copy of the mh allele led to significant
decreases in milk, fat and protein yield. Therefore, knowl-
edge of mh genotypes has the potential to improve milk
performance traits in cattle. This is also interesting for
countries, in which the mh status for their local breeds is
unknown and improvements due to feeding and manage-
ment systems are limited.
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